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ABSTRACT
The interstitial water chemistry of the sediments of Las Vegas Bay and
Bonelli Bay in Lake Mead has been studied as part of a comprehensive water quality
study of those locations. Pore water and solid phase analyses were completed
from four stations in Las Vegas Bay and two stations in Bonelli Bay,
At both locations the pore water compositions and organic matter diagenesis
in the sediments are dominated by sulfate reduction. This major role_of sulfate
reduction is unusual for lake sediments and reflects the fact that SO^ is the
major anion in the lake water. In addition, gypsum (CaSO,) is a common mineral
in the surrounding geological formations and appears to supply additional SO,
to the interstitial waters through dissolution.
The interstitial water and solid phase analyses have been used to calculate
literature
mg P m ~ d •"" for aerobic water column conditions in rivers and
lakes. The rate of burial of organic carbon averages about 6.2 kg m yr . Our
calculations suggest that this is about four times the loss due to decomposition
of organic carbon by 0~ and SO,,
The extent of SO* reduction was much more extensive in the sediments of
Las Vegas Bay than Bonelli Bay and probably reflects a greater amount of utilizable
organic carbon in the former observation.
NOTICE: This material may be protected
. by copyright law (Title 17 U.S. Code)
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The objectives of the Water Quality Standards Study (WQSS, dated 12 June
J979) include the documentation of water quality conditions in Las Vegas Wash,
Las Ve^as Bay, and the portions of Lake Mead affected by Las Vegas Wash discharge,
Ihe major question addressed is the impact of waste water discharges from Las
Vegas Wash on water quality conditions in Las Vegas Bay and Boulder Basin.
As specified by our contract our studies were concerned with the nutrient
exchange with the sediments in the Las Vegas Bay/Boulder Basin system. In
order to establish a nutrient budget for the system it is necessary to know
the diffusive flux of nutrients out of the sediments and the rate of removal
by burial of solid phase nutrients. It is useful to compare the magnitude of
these fluxes with other natural fluxes such as the rate of nutrient input from
the Las Vegas Wash. The diffusive flux of nutrients out of the sediments results
from organic matter respiration. Oxygen is consumed during the early stages of
this organic matter diagenesis. Dissolved oxygen is an important parameter in
evaluating the water quality of the lake thus the evaluation of the oxygen
demand by the sediments was an important aspect of this study.
To evaluate the significance of the sediments in the nutrient budget of Las
Vegas Bay we have collected a series of sediment cores and interstitial water
samples from four stations in Las Vegas Bay. These locations correspond to the
u'l^ LV Water Quality Sampling Stations 1 through A. Because past studies in Las
Vegas Bay have identified phosphorus and/or nitrogen as possible nutrients that
control phytoplankton growth, our analyses were focussed on the different forms
of those elements. Iron and silica are other elements that may influence
l
[
phytoplankton growth so these were also determined. In order to assess the
regional variability of organic matter diagenesis in the sediments of Las Vegas
Bay we have also sampled the sediments at two locations (Stations 10 and 11)
in BoiiL-lll Bay of Virgin Basin. The sediment core and pore water studies
from these stations can be compared with the results from Las Vegas Bay. By
defin-inj sediment conditions in a portion of Lake Mead which is not affected
by Laj Vegas Wash discharge we will be better prepared to evaluate the effects
of the Las Vegas Wash discharge in Las Vegas Bay.
II. SAMPLE COLLECTION
The sediment samples used in this study were collected from Las Vegas Bay
and Bonelli Bay; both of which are arms of Lake Mead, Samples were collected at
the same stations used in the Limnological Monitoring Program. In Las Vegas Bay
samples were collected at WQSS Stations 1 through 4 (Figure 1). In Bonelli Bay
samples were collected at WQSS Stations 10 and 11 (Figure 2).
The environment of sedimentary deposition at both locations is similar in
that both represent incised subaeral drainage basins that were drowned after the
construction of Hoover Dam. Before sampling in the lake, a reconnaissance of the
topography of Las Vegas Wash just upstream from the present lake's elevation was
undertaken. Color prints illustrating the topography are shown in Plate I, The
wash has basically a flat bottom with the stream presently occupying a 10' to 15'
deep incised cutv Recent lake sediments have been deposited on top of the alluvially
deposited stream bank sediments. This topography is representative of that under
Las Vegas Bay.
A view of the terminal end of Las Vegas Bay is seen in the color prints in
Plate II. The contact between the denser plume of Las Vegas Wash outflow and the
lake water is clearly seen. Station 1 is located just beyond this contact and
Station 2 is located at the bend in the bay. Due to past fluctuations in the
elevation of the lake, deposition has not been continuous at these stations and
periods of subaeral exposure have existed. The lake's elevation in August, 1980.
was about 1205'. In 1963, it was down to 1130'. The sediment at Stations 1, 2,
and probably 3 were exposed at that time.
Sediment cores were collected on August 4 and 5, 1980 from the 25 * Jet Boat







Limnological Monitoring Program Sampling Stations - Las Vegas Bay and Boulder Basin.






Figure 2 Limnological Monitoring Program Sampling Stations - Bonnelli Bay and Virgin Basin,
Stations 10 and 11 were sampled for pore water and sediments in this study.
The cores at Station 1 were collected by free diving. The sediments were collected
using 2V1 PVC core liner attached to a gravity corer fitted with 0 to 60 pounds
of lead weight. Because a core catcher would disturb the sediment/water interface,
core catchers were not used. This made core collection difficult because the core
would frequently wash out before it could be brought on deck. The procedure used
to determine the location for sediment sampling at each station was to pilot the
boat along a course normal to the axis of the bay and monitor the water depth by
sonar. In this way, the location of the notch of the old stream channel and the
flat banks on either side was determined. Samples were collected from the flat
banks in all cases. Eventually, representative cores were collected at all sites
in Las Vegas Bay except Station 5, There, because the sediments are either too
thin or too sandy, we were unable to collect a core in spite of repeated attempts.
After a core was successfully brought on deck it was capped and photographed and
lashed in a vertical position for return to the lab.
Originally it was planned to collect two cores at each location, one for pore
water and one for solid sediment chemistry. This was not always possible so at
some locations one core was used for both sets of analyses. Three cores at Station
I, three cores at Station 2, one core at Station 3, and one core at Station 4 were
collected. In Bonelli Bay, two cores at Station 10 and one core at Station 11
were collected. This resulted in a total of twelve cores. Color prints of some
of the cores are shown in Plate III. In most cases the core tops were a mottled
light/dark brown which graded into black sediments representative of iron
nonosulfides. In most cases the smell of sulfide was discernible, which is
unusual in most lake sediments. In Lake Mead many of the surrounding sediments
are gypsum beds thus the lake has a high natural SO, concentration.
After returning to the dock, the cores were transported promptly to laboratory
space graciously provided by Dr. Larry Paulson, Director of the Lake Mead Limnological
Research Center at the University of Nevada, Las Vegas. Processing of the cores to
obtain the pore water was begun immediately.
I1L. ANALYTICAL TECHNIQUES
A. Pore Water
In the laboratory, the sediment cores were extruded in a N» flushed glove
bag to prevent oxidation of reduced species such as Fe(II) and Mn(II). The cores
were extruded in 2 cm thick intervals. The extruded sediment was then transferred
to polyethlene centrifuged tubes and capped. Care was taken to eliminate all
air pockets. The sediments were then centrifuged up to 13,000 rpm for five minutes.
The supernatent interstitial water was removed and filtered through 0.45 Jjm
Nucleopore filters. We obtained about 10 ml of usable pore water by this method
from the clay-silt rich sediments. In some cases, such as the 8 to 16 cm interval
in core 1A, high sand content inhibited sediment compaction and a pore water
sample could not be collected.
The interstitial water samples were analyzed for pH, alkalinity, PO,, SiO_,
NH,, Fe, Mn, Ca, and SO, , NO,, was not determined because of the obvious sulfide
smell, Sulfide blocks the cadmium column used in the N0_ determination. Silicon
(Mullin and Riley, 1955); NH^ (Matsunagu and Nishimura, 1974); PO^ (Murphy and
Riley, 1962); Fe (Murray and Gill, 1978); and Mn (Brewer and Spencer, 1971); were
determined using manual colorimetric methods. Calcium was determined by atomic
absorption spectrophotometry and SO, by an automated colorimetric technique
(Lazrus et al., 1965), pH was measured using Corning combination electrodes
and an Orion pH meter. The electrode was standardized against standard N.B.S,
buffers. Alkalinity was measured by Gran titration (Stumm and Morgan, 1970;
pp. 155-158) on 1 ml samples using standardized 0.1 N HC1,
B. Solid Sediments
When more than one core was collected from a site, one core was used for
pore water extraction and a second core was processed for solid phase analyses.
Porosity measurements, which are used in the diffusive flux calculations, can
only be determined on sediments which had not been centrifuged and thus have
their original water content. The cores were frozen as soon as they were
returned from the field to the lab in Las Vegas and were kept frozen until
they were processed at the University of Washington.
In the laboratory the cores were extruded and sectioned into 2 cm intervals.
One split of the samples was weighed, dried at 60 C and reweighed to obtain
percent water. From this data porosity was calculated assuming a density for
the solid sediments of 2.50 gm cm . The dried sediments were well ground by
mortar and pestal and saved for later organic carbon, nitrogen, phosphorus,
210CaCO_, Pb, and taineralogical determinations, Another split of the extruded
samples was kept wet and used for size analyses. The percent sand was determined
by sieving and the percent silt and percent clay by standard settling column
techniques.
Mineralogy was determined for 16 samples. These included the bulk
sediment from the top of every core and three deeper samples from cores
4B and 10A. In addition, the clay mineral fraction was analyzed separately on
three samples. The determinations were made by X-ray diffraction using a Phillips
Diffractometer with Cu radiation and a scan rate of 2 per minute.
Organic carbon, nitrogen and phosphorus, and CaCO~ were determined on the
same samples used for mineralogy. The organic carbon, nitrogen, and CaCO_ were
determined by the procedure of Heath et al. (1977) using a Carlo Erbe C-H-H
analyzer (Model 1106). One split of the samples was analyzed for total carbon
10
and nitrogen. Another split was heated to 500 C for 15 hours to oxidize organic
carbon and then reanalyzed for carbonate carbon. The difference between the two
analyses is defined as organic carbon (Murray et al., 1980).
210Pb was determined in profile on cores 4B and 10A. The sediments were
210
wet ashed in HNO- and HC10, acids and Pb was plated on silver foil and the
210.
alpha activity counted using Na(I) detectors. ""Po is much easier to count than
210 210 210Pb thus an inherent assumption in this method is that Pb and Po are in
secular equilibrium in the sediments. This appears to be a valid assumption
based on previous work. Activities are then corrected to account for decay





A total of 12 cores were collected and the water depth and length of core
are summarized in Table 1. For the most part, the cores were similar in that a
thin (approximately 2 to 6 cm)light brown layer overlies dark black sediments.
Color prjntsof cores IB, 2A, 2B, 2C, 3A, 4A, 10B, and 11A are shown in plate III.
The color changes can be seen, obscured somewhat by smearing down the inside
of the core liner. Cores 2A, 10B, and 11A show the surface layer most clearly.
The sediment analyses from Stations 3 and 11 were performed on the sediments
that had been centrifuged in Las Vegas for pore water. Cores IB, 1C, 2B, 4B, and
10A were extruded and analyzed in the lab in Seattle. Core descriptions are
summarized in Table 2.
2) Porosity and size analysis
The values for percent water, porosity, percent sand, percent silt, and
percent clay are summarized in Table 3. Porosity, which is defined as the percent
of total volume of sediments occupied by water, decreases from atound 60% at the
interface to 45% at depth. These are low values for lake sediments and they reflect
the course sediment input from Las Vegas Wash into Las Vegas Bay and from Detrital
Wash into Bonnelli Bay. The percent sand and percent clay vary widely down the
cores reflecting the pulsed input of sediment that results from the periodic runoff
from the washes. In general, the sediments furthest from the wash tend to be finer
grained. See, for example, cores 3A, 4B, and 10A.
12
Table 1 Summary of water depth and core lengths collected in Las Vegas Bay
(1-4) and Bonnelli Bay (10-11) .
Location
Station 1 (depth 3-4 m)
Station 2 (depth 10 m)
(depth 13 m)
Station 3 (depth 19.5 m)
Station 4 (depth 33 m)
Station 10 (depth 48 m)



























Table 2 Notes on core descriptions made on cores extruded at the University
of Washington
Core IB (length ?= 34.5 cm)
0-5 cm dark grey to black silt
5-11 medium brown to dark grey silt
11-19 medium brown to medium grey sandy silt
19-34.5 medium brown/grey silty sand
From 11 cm to 34.5 cm the change in texture and color is gradual and
continuous
Core 1C (length - 36 cm)
0-5 cm dark grey to black silt
5-13 medium brown to dark grey silt
13-36 medium to dark brown sandy silt
Core 2B (length - 18 cm)
0-3 cm light to medium brown mud
3-7 dark brown to grey/black silt
7-12.5 medium brown sand with 7 mm pebble
12.5-17 black silt with small pebbles
17-18 medium brown silt
Core 4B (length = 16 cm)
0-1.5 cm medium brown silt
1.5-16 medium to dark grey silt,
from silt to sandy silt
Core 10A (length «= 8 cm)
0-3 cm medium brown to grey silt
3-6 dark grey to black silt
6-8 dark grey silty sand
Appears to vary continuously
14
Table 3 Bulk properties of sediment samples from Las Vegas Bay (Cores IB,






















































































































































































































































The mineralogical investigations were undertaken because geological maps
indicate that large amount of gypsum (CaSO,"2H-0) bearing rocks outcrop in the
vicinity of both Las Vegas Bay and Bonelli Bay (Longwell, 1960). The Pliocene
Muddy Creek Formation is the most extensive of these sedimentary beds. Dissolution
of gypsum has been previously suggested to account for the relatively high SO,
concentration in the lake (Howard, 1960).
Bulk sediments and the clay mineral fraction of sediments from Las Vegas Bay
and Bonelli Bay were X-rayed. Quartz, calcite, and feldspar in the bulk samples
and montmorilonite, kaolinte, illite, quartz, and calcite in the clay mineral
fraction were identified. Unequivocal evidence for gypsum or anhydrite was not
found. Anhydrite was analyzed because it may form from gypsum during the drying
o o
of the sediments. The major peaks for gypsum (7.56 A) and anhydrite (3.50A)
o
were absent. Peaks possibly corresponding to the gypsum spacing of 4.27 A and
o
3.06 A were present, however, in the absence of the primary peak, the presence of
the mineral can not be unequivocally confirmed. The high alkalinity values found
in the pore water (see next section) strongly suggest a SO, source in the sediments
such as gypsum grains, Because of its widespread occurrence in the surrounding
geological formations, we suspect it must be present in the sediments.
B, Pore Water Results
The pore water analyses are summarized in Table 4. The analyses for pH,
alkalinity, PO^, Si, NH^, Fe, and Mn were completed immediately after the pore
water samples were separated in the lab in Las Vegas. Ca and SO, were analyzed in
the University of Washington laboratory. Nitrate was on the original list for
analyses, however, the smell of sulfide was present in the shallowest samples,
Table 4 Interstitial water analyses from Las Vegas Bay (Stations 1,2,3,4) and
Bonelli Bay (Stations 10,11)
pH Alkalinity
-1.
PO, SiO, NH, Fe Mil
..-!> ,-!' -1
Ca SO,

























































































































































































































































































































































PH Alkalinity PO^ Si02 NH^ Fe Mn Ca SO^








































































































thus the analyses were not attempted. The laboratory uses the Cd reduction
technique for NO, analysis, and sulfide fouls the cadmium. The results are shown
graphically in Figure 3 (Station 1A), 4 (Station 2C), 5 (Station 3A), 6 (Station
4A), 7 (Station 10B), and 8 (Station 11A).
1) pH and alkalinity
In Las Vegas Bay the pore water pH values do not vary in a systematic
way down the cores. Station 3A is the exception where the pH increases progressively
from 7.33 to 7-53. There is an increase in the pH values from the shallowest
stations (l and 2) with pH values of 7-1 to 7.3 to the deep stations (3 and h)
where pH values reach 7.6 to 7.7. The pH values in Bonnelli Bay tend to lie on
the low side. Ben-Yaakov (1973) has proposed that the pH in reducing waters rich
in SO, is controlled by a balance between how much HS is produced from S0° and
how much sulfide precipitates with iron to form FeS(s).
The alkalinity values in all samples, especially those from Las Vegas Bay,
were much larger than anticipated. At Stations 1 and 3 alkalinity exceeded
20 meq kg . Such high values can only be produced by large amounts of sulfate
reduction. For each mole of sulfate reduced, two equivalents of alkalinity are produced
(see Table 7, to be discussed). Thus an alkalinity of 20 meq kg implies that about
10 m moles of SO, have been reduced. These alkalinity and sulfate values can be
compared with historical values measured on the Colorado River, Lake Mead, and
the Lake Mead outflow (Table 5)(Howard, 1960). The alkalinity values in Bonnelli
Bay pore water samples only reached values of 7 meq kg~ which would correspond
to reduction of only about 3.5 m moles kg" of SO,. This is about equal





































Figure 3. Station 1A
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Figure 4. Station 2C
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Figure 5. Station 3A
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Figure 8. Station 11A
y
fable !> Chemical analyses of the inflow and outflow from Virgin Basin and
Boulder Basin in Lake Mead (Howard, I960). The data have been




















































Inflow, weighted average for Grand Canyon during 1 October 19^ 7 to
28 February 19^ 9 .
Vegas Basin: Water at surface of lake, 29 February
Boulder Basin: Water at bottom of lake, 23 September
Outflow: Typical release at Hoover Dam, July 12-16, 19-20, 191*8.
Na+K data were given in ppm. They have been converted into moles
assuming only Na+.
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ib required to explain the high alkalinity values in Las Vegas Bay. It is
Interesting to note, however, that most of the increase in alkalinity (as well
as NH,) occurs in the top 10 cm of the sediments. Below this depth the alkalinity
•4
values remain relatively constant.
2) PC). , Sip,. and NH^
_ i
Th<j PO, at Station 1 decreases from a high value of 116 urnole kg in the
0-2 cm interval to 3 pmole kg in the 6-8 cm interval. No pore water could
Lie collected from 8 to 16 en because of a sand layer. Below the sand layer
_i
The PO. values in core4the PO, again jumps to a high value of 140 umole kg
2 are erratic down the core again possibly reflecting variability in
sedimentation. The profiles at Stations 3, 4, 10, and 11 are all similar.
The PO, increases with depth to a maximum at a shallow depth in the sediments
and then decreases. As for alkalinity, all the PO, concentrations are lower
in the pore waters from Bonelli Bay than Las Vegas Bay.
SiO~ is also erratic in cores 1 and 2 although there is clearly a sharp
increase from bottom water values of 200 ymole kg to values of about
1000 pmole kg in the 0-2 cm interval. After the sharp increase at the sediment-
water interface, Si02 does continue to increase with depth (see, for example,
Station 3A) . The maximum SiO- values in Bonelli Bay are only about half those
in Las Vegas Bay, yet there is still a sharp gradient at the sediment-water interface.
The MK, distributions are similar to those for PO, . The pore water values are
all much higher than bottom water. The values are erratic in cores 1A and 2C and
smoother profiles were obtained from 3A, 4A, 10B, and 11A. Whereas PO, appeared
to increase to a maximum and then decrease, the NH, increases steadily to a rather
29
I constant value at about 10 cm and then does not change much with depth. The
?*- JL- »K"^ J'^  +'H ni >^«~ jr. .-v^ s 3^ '- ••^•••"H* ^  anoia^diufeifc ,03 *rtJ moil




3) *'e and Mn z3Sui:-<*. •:v:.,,;H;y' - h <[-.:-! .0
,0.1 I)
;v .in;/ values as hi^h as 13 pinoles kg were reached.
The pore ry^er.,.Fe, concentrat.3,qns iv.er..e_g^ner^ly^l<^..tc_^t;^Bt'a'ti6ris 1 and
2. the values were , somewhat erratic. -.- •At,^tations .3, A ,- '"and -10 It -appears that
the ^highest values .occur, at .the sediment,T-water;;intferface.^-The o'eorfease' witfr-^' n :;:
rtV -*- "; -:'-' J' :' • : - - ^ -1 -~ •'- ••• - v . - • - > - '
depth in the sediments may reflect- prej2ipitatio'n .tof-drbn 'sulfi-desr."l;i"Thef :diffeiiences
. , 1^> ii . • - ; --- " . . . . . - • . . . . ••• - . . . . • . . - * • ' • •
between Bonelli and Las Vegas Bays are small.;; 'If -anything, the:>alue;s: from^Bonelli
Bay tend to be larger. .. .sr;:-rj
The Mn concentr.ations, vary, enormously,,-- At, stations': lj Mn increas-es-frbm
kg to over. 300;pmp^ Le.,kg" by 16 cm.. :Similarly^ :'yery high: values occur"
in Station 2 around. 6.t|p,10: cm. .Overall,. the values tend:to decreas'e • f rom Station
1 to Station h. , ThetMn concentrations increase-to2intermediate vilues IH Bonelli'"
..Bay. , , . ....,.., . .... ,:;: ,r>£-3«.'< . "- ^' , • '• ^  .•!•.:! js.' ; T. :..."/-.
. *0- Ca and soli ••• • • . - ..-'•. . f-.'v.b ..;!-{•; r; •. f'.'-.--..• - - - - - -•' ;-'-:"v: - • • ' • • • ' ; •'' :'; :;; ! '
Both Ca and SO^ concentrations are rin-the millimolar-range in the pore''- l
water (Table 1*) as well as the lake water (Table ,5). ::.The lake values ;'are about
_j
3 miiu.le kg . At Stations 1A, 2C, and ^ LOB, SO, 'increases smoothly with depth.
At Stations 3A, f*A, and 11A the pore water ;SO.,.values are much'less-than ';r'
in the lake and they decrease with depth to zero values.•'-' -The simplest'and :":;r' '' ;
most logical explanations, is,jthat.(the, SQ^i concentration ds'-'eo'htTolle'd 'by a'': balance
between, SO^ reduction and dissolution, of; gypsum; .::The.1 h-i^ h -alkalinity'"value's in' " '
the pore waters, of; Las, Vegas ... Bay indicate:; that large:* amounts''of "'SO^  have1 been'; ""' 'M::
consumed (up to.>10.m moles). ' The;only >way.-• that ;the SOvi could1 be'sb high';after ' j!
so much.had already .been .reduced wouldxbeithroughiithe CaSOi:1dissolut;ionSmech'anismh"i ""•'• '- ' • • - , . . , - . .
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From the SO, distributions it appears that gypsum is present in the sediments at
3, 4, and 11, -but not at 1, 2, and 10.
C. Solid Sediment Results
1) CaCOo, organic carbon, total nitrogen, and organic phosphorus
The results for total carbon, organic carbon, inorganic carbon and total
nitrogen are given in Table 6. We analyzed the surface sediments at every station
and vertical profiles at Station 4 in Las Vegas Bay and Station 10 in Bonelli Bay.
Fixed and exchangeable NH, are low in these sediments thus the total nitrogen is
an accurate estimate of organic nitrogen.
The organic carbon concentrations vary in a systematic way. The values in the
surface sediments are higher at the heads of the bays and decrease going away from
the washes into deeper water. In Las Vegas Bay, surface organic carbon decreases
from 1.5% at Station 1 to 1.1% at Station 4, In Bonelli Bay, the decrease is from
2.0% at Station 11 to 0.9% at Station 10. Total nitrogen varies in a similar manner
with a little more variation In the data. The molar C/N ratios range from 7.5 to
11,9. There do not appear to be significant differences in the organic carbon or
nitrogen content of Bonelli and Las Vegas Bays.
CaCO is present in significant amounts in the sediments. The range is about
1 to 5% inorganic carbon which corresponds to 8 to 41% in terms of CaCO. in the
sediments (the conversion factor is percent C times 8,33).
The sediment phosphorus analyses are broken up into total P, inorganic P and
organic P. These results are given in Table 7. Inorganic P, possibly as detrltal
apatite grains, dominates the total P. Organic P is low and ranges from ,001% to
3
0.18%. Even at such low values the organic P In 1 cm of bulk sediment is several
orders of magnitude greater than the dissolved P in the pore water. The highest
values for organic P are in the sediments of Bonelli Bay. Total P varies little
•
among the different stations.
31
Table 6 Results for total carbon, organic carbon, Inorganic carbon and total
nitrogen. Surface samples were analyzed at all stations and profiles
at Stations 4 and 10. Also given is the molar C/N ratio of organic
matter present. Percent CaCO~ can be calculated from percent inorganic


















































































































































*"* T f\ Pb sedimentation rates
Sedimentation rates can be determined from excess *~ Pb under certain
226
conditions. The isotope Ra is naturally present in lake water. It decays
222
to the gas *"Rn which in turn decays through several short-lived intermediates
to Pb, As particles settle through the water column the Pb is preferen-
tially scavenged out and transported to the sediments. In the sediments there
210is already some Pb which came in with the sediments down the wash and is in
o i n
equilibrium with its parent, Ra, The Pb scavenged from the overlying
210 210
water column is added to this detrital Pb and is called excess Pb because
O O £
it is not supported by Ra in the sediments. As the sediments are buried,
210this excess Pb decays away with a half life of 22 years. The amount of
210
scavenged or excess Pb in the sediments will depend on the depth of .the
overlying water. The use of this method in determining sedimentation rates
210
will depend on the relative importance of the excess Pb relative to the
component of the sediments coming down the wash.
210The Pb activity measured on samples from stations AB and 10A are given
in Table 8, The values from Station 4B are uniform down to a depth of 13-16 cm.
This could represent a very fast sedimentation rate, however the values are low
(2.5 to 3.1 dpm g ) and appear representative of values of Pb supported by
9 9 f\s parent Ra. At this station the sediments are dominated by material
coming down the wash.
Pb activities at Station 10A in Bonelli Bay decrease with depth. Assuming
0 *) £\? 1 C\t the Ra supported Pb activity is equal to the deepest value of
1.42 dpm g and that the higher values represent excess Pb, the average
_i
sedimentation rate of the upper 6 cm is 0.17+_0.10 cm yr . This agrees well
-1 137
with a sedimentation rate of about 0.28 cm yr determined using Cs on sediments
from another location in Bonelli Bay (Prendtki and Paulson, personal communication)
34
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Table 8 Results for Pb determined on samples from Station 4B in























A. Diagenesis of Organic Matter
Stoichiometric diagenetic models have been derived to account for the distri-
bution of oxidants, reductants, and metabolites in the pore waters of marine
sediments (see, for example, Bender e± al^., 1977; Emerson £t_ _al_., 1980; and
Murray e± al., 1980). The same concepts can be applied to lake sediments. The
central assumption is that oxidation of sedimentary organic matter proceeds by
reduction of the available oxidants in a sequence based on those producing the
greatest free energy change. Bacteria will oxidize organic matter utilizing first
02 then N0~ and N02> MnO,,, Fe(OH).,, and SO, as terminal electron acceptors.
Assuming that the sedimentary organic matter has a C:N:P ratio of 106:16:1
(Redf ield ji_t _al., 1963), the reactions will proceed according to the stoichiometries
outlined in Table 9. The stoichiometries can vary depending on whether or not
+2
CaCO.j(s) is present to react with the CO- produced and whether or not the Mn
+2
and Fe precipitate as MnCO-(s) and FeCO-(s). Some example calculations for
seawater are shown in Table 10. Shown here are the changes in alkalinity after
each step in the reaction sequence and the absolute values for alkalinity
assuming a starting value of 2.500 meq kg" . The alkalinity of Lake Mead is
around 2.7 meq kg (Table 5). Alkalinity turns out to be a very sensitive
indicator of the degree of diagenesis. During aerobic respiration the alkalinity
actually goes down by a small amount. Small but significant increases are noted
'after denitrification, manganese reduction and iron reduction. During sulfate
reduction, alkalinity increases rapidly in a ratio of about
Aalkalinity =•_ 2 A SO.
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Table 9 Stoichiometry of organic matter oxidation reactions listed in the
order on which they should occur in the environment.
A. Aerobic respiration with nitrification
16 N -2 124 C0 + 140
B. Denitrification
(CH00) i n , (NH,). ,H,PO.+ 84.8NO~ = 16 NH* +HPO~2 + 7.2 CO. + 98.8 HCO~ + 42.4 N0 + 49.6 HO
z luo j lo J 4 J 4 4 z J ^ 2
C. Manganese Reduction




16 N l + HPO~2+ 862 HCC + 424 Fe+2 + 304
E. Sulfate Reduction
53S04"2 = 16 NH4 + HPO~2 + 39 C02 +67 HCO~+ 53HS~ +39 H,/)
F. Methane Fermentation
(CH00) ir.,(NH,)1,H_PO.2. lUo J lo J t+ HP072+ 39 C00 +53 CH. + 14 HCO~4 4 JL 4 J
G. CaC03 Dissolution/Precipitation
C02 + H20 + CaC03 = 2 HCO 3+ Ca+2
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Table .10 The change in alkalinity and total alkalinity after each
diagenetic sequence. A starting alkalinity of 2.500 meq





Consuming 100 yM 02
Producing 11. 6 yM NO
3. Denitrification
















1. AFe+2 18 yM
AMn+2 - (18 yM)
2. AFe+2 = 180 yM
AMn+2 = (180 yM)
+2b. reduction to Fe
followed by FeCO-
precipitation.
AFeC03 = 1 mM

































One of the biggest surprises we found was the extremely high alkalinity values
in the pore waters of Lake Mead (Table A). The pore water chemistry is dominated by
sulfate reduction and this is evident in the very top sampling intervals where sulfide
could be smelled. At Stations 1 and 3 alkalinity values greater than 20meq kg" were
measured. The values in Bonelli Bay were lower (around 6 meq kg ) but still
vt-ry high for lake pore water. Dissolved SO, in the lake appears to be around
3 mmole kg (Table 5). Quantitative reduction of this amount of SO, could only
produce an increase in alkalinity of about 6 meq kg . Thus, an additional supply
of SO, is required in some of the sediments of Las Vegas Bay. The pore water
values from Bonelli Bay appear consistent with normal lake water as the only
SO, source.
There are two possible sources for the additional SO, to drive the sulfate
reduction in Las Vegas Bay sediments. The first possibility is that gypsum grains
are present in the sediments. As organic matter is decomposed and SO, is utilized
the gypsum rapidly dissolves to replenish the SO, and maintain the SO, at a level
controlled by the solubility of gypsum. The problem with this hypothesis is that
no gypsum could be clearly identified in the sediments of either Las Vegas Bay
or Bonelli Bay. In addition, it would seem more probable to find gypsum in the
sediments of Sonelli Bay then Las Vegas Bay because of the distribution of rock
outcrops, yet the pore waters of Bonelli Bay do not appear anomalous.
The second explanation is that the source of the SO, is from the Las Vegas
Wash plume. SO, values in Las Vegas Wash range from 10.0 to 13.0 mmole kg
with an average value of 12.0 mmole kg . The discharge from Las Vegas Wash
has a higher density (due primarily to its higher salinity) than the lake.
When the flow from the wash enters the lake it flows along the bottom. The
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descending turbid plume from the wash can be clearly seen in the color prints of
plate II. The plume is constrained to flow near the bottom to a depth of 20 to
50 m where upon it departs from the bottom and flows along a constant depth
(density) surface into the interior of the lake. These conditions vary seasonally,
however, the plume is thought to be confined to the bottom at least to the depth
of Stations 3 or 4. If the SO^ concentration in the bottom water is controlled
by the Las Vegas Wash plume rather than average lake water then this could explain
the large amount of SO, reduction that occurs in the sediments of Las Vegas Bay.
It would also explain why SO, reduction is so much more extensive in Las Vegas
Bay then in Bonelli Bay.
In all cases it is important to point out that most of the changes in
alkalinity, sulfate and ammonia take place by a depth of less than 10 cm in the
sediments. Below that depth the changes in alkalinity, sulfate and ammonia
are small. For example, in core 2C the alkalinity is constant at about 14 meq kg"1
and the SO^ is constant at 6 mmole kg" below 10 cm. The constant values imply
the organic matter reactions have slowed down drastically or have ceased. This
is anomalous because we would expect that SO^ reduction would proceed as long as
S04 is present. Organic matter is present in significant amounts in the sediments
(see Table 6) but it may be that after an initial period of reaction the easily
metabolized organic matter is consumed and the carbon that remains is inert or
refractory to further decomposition.
A clue to the processes controlling at the different stations is given by the
SO^ data. The high values at Stations 1, 2, and 10 suggest the gypsum dissolution
hypothesis. The sharply decreasing values at Stations 3, 4, and 11 suggest dif-
fusion from bottom water. Another check is to see if the pore waters are saturated
with respect to gypsum. Values of the ion activity product of (Ca+2) x (S0~2)
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are shown in Table 11. The solubility product of gypsum (CaSO^ »2H20) at 25 C
is 25 x 10 . Ion activity values greater than this imply supersaturation and
lower values imply undersaturation. The pore waters at Stations 1A, 2C, and 10B
reach saturation with respect to gypsum. The pore waters at Stations 2A, 3A,
and 4A are undersaturated.
B. Diffusive Fluxes
Large gradients exist across the sediment-water interface in Lake Mead.
With SO, reduction already important in the 0-2 cm interval at ever station,
both O, and HO., must be completely absent. Thus 0* and NO are being consumed
by the sediments. As a result of the organic matter diagenesis, PO^, NH^, Si02>
Mn, and Fe increase sharply below the sediment-water interface and the resulting
flux is out of the sediments. In the absence of sediment mixing by benthic
organisms or physical turbulence in the water caused by wind the fluxes can be




diffusion flux in the sediments in terms of mass per
area of total sediment per unit time
whole sediment diffusion coefficient in terms of area
of sediment per unit time
TTJJT = vertical concentration gradient
<J> = porosity
Lerman (1979) has proposed that the diffusion coefficient in the sediments can be
calculated from the diffusion coefficient in pure water (D ) using:
Ds ' D0 (2)
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Table 11 Ion activity products (IAP) of Ca and SO^ in the pore waters of Lake
Mead. The solubility product of gypsum is pK<,n «= 4.6 or















































































Appropriate values for the tracer diffusion coefficients (D.J of ions in pure
water at 25°C are given in Table 12. The porosity values at the sediment-water
interface average about 60% and this value was used to calculate the value of D
s
given in Table 12.
The fluxes of C>2 and N03 into and PO^, NH^, Si02> Mn+2, and Fe+2 out of
the sediments at the six sites studied have been calculated according to Equation
(1). We have assumed a linear gradient from bottom water to the first data point
which is the 0-2 cm interval. We have taken the mid-point of that interval, or 1 cm
as X in Equation (1). The gradients may in fact be steeper and in this sense these
are minimum flux calculations. Another complicating factor is the fact that the
location of the bottom water samples were not at the sediment-water interface. In
fact, such samples may be impossible to collect. This adds additional uncertainty
to our vertical concentration gradients and flux calculations because the actual
:oncentration at the interface could be greater than or less than the value we have
used. If the concentration at the interface was less than the value we have used
we would get a smaller flux, In addition to the limitations listed above these
calculations assume steady state conditions and lateral homogeneity in the sediments.
The flux estimates also do not account for nutrients released during organic matter
decomposition just at the sediment-water interface or mixing of the sediments by
benthic organisms or turbulence. The fluxes are given in units of
. -2 -1
moles cm sec ,
The flux calculations are summarized in Table 13a for Las Vegas Bay and 13b
for Bonelli Bay. The bottom water values at the different stations are subject to
discussion and introduce some uncertainty into the calculations. The values
listed in Tables 13a and 13b are based on analyses by the Lake Mead Limnological
43
Table 12 Trace diffusion coefficients (D ) of ions at infinite dilution
in water at 25 C. Values in units of 10~6 Cm^ sec~l (from Li
and Gregory, 1974; and Lerman, 1979) and sediment diffusion


































Table 13a Diffusive flux calculations for Las Vegas Bay, Bottom water values were
compiled from a number of sources including UNLV and USGS. The gradients
were calculated assuming a linear gradient to 1 cm. Negative fluxes
imply a flux into the sediments. The units are shown only for Station
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Diffusive flux calculations for Bonelli Bay, Bottom waters values were
•compiled from a number of sources including UNLV and USGS. The gradients
were calculated assuming a linear gradient to 1 cm. Negative fluxes
imply a flux into the sediments. The units are the same as in Table 13a.

















































Average 7.2 1112 0.68 13.4 32.4 -971 -58.5 -4.75
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Research Center and the U.S. Geological Survey. A summary of water quality data
for the nutrients and dissolved oxygen is given in Table 14. This data is from
the Water Quality Standards Study. The samples in Las Vegas Bay were taken at the
depth of the outflow plume from Las Vegas Wash thus in most cases they are located
above the bottom. The deepest samples from Bonelli Bay were also located a few
meters above the bottom. The sulfate concentrations in the lake (Table 5) were
estimated from U.S.G.S. data (e.g., Howard, 1960) and the iron and manganese values
are unpublished data obtained by Dr. Larry Paulson (UNLV). For Station 1. where
the outflow from the wash hugs the bottom of the lake, we have used conductivity
values to calculate that the bottom water is 43% wash water. We felt that this
was a more realistic estimate than the surface sample of the bottom water quality
at this station. At the other stations we assumed that the bottom water concen-
trations were the same as the deepest samples collected. The only situation where
confusion exists is for NH, at Stations 1 through 3. There the pore water profiles
suggest a flux out of the sediments yet the high bottom water values create a
situation where the NH, gradient appears to be into the sediments. At the bottom
—9 —2 —1
of each table an average flux is given in units of 10 ymoles cm sec
In regards to water quality it is important to point out that though the lake
water remains aerobic the sediments become anaerobic very quickly. This results in
a strong sulfide smell and large concentrations of ammonia and phosphate in the
pore water even in the 0~2 cm depth interval. The quality of the pore water is J]
probably dominated by the high organic content of the enclosing sediments and the
restricted communication with the overlying water. The exact fluxes to and from
the sediments are strongly influenced by the overlying water quality. For example,
when the dissolved oxygen content of the lake water is low the flux into the
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sediments will be small. These bottom water boundary conditions probably vary
spatially and seasonally. The geometry of the outflow from Las Vegas Wash is
especially important because the chemistry of this plume is very different from
that of the lake as a whole. A more detailed analysis of this problem is not
possible because of the lack of specific data on plume configuration and composition.
We can convert the diffusive fluxes into total integrated fluxes for Las
-1
11 2Vegas Bay, The area of Las Vegas Bay sediments is 7,150 acres (2.89 x 10 cm )
assuming a lake elevation of 1,205 feet. The total fluxes in units of moles sec
and Ibs yr are summarized in Table 15. The total flux of PO, out of the
sediments is 0,86 x 10 Ibs yr~ . NO is diffusing into the sediments at a rate
of 0.71 x 10 Ibs yr and is probably being consumed by denitrification. The
calculations suggest that NH, is diffusing into the sediments at a rate of
1.0 x 10 Ibs yr , however this may be an artifact caused by the choice of the
bottom water value.
-12 —2 -1In Las Vegas Bay the average 0^ flux is 0,71 x 10 mole cm sec and
-•12 -2 -1the average SO, flux is 5.2 x 10 mole cm sec , For each mole of 02 and
SO, consumed by the sediments, one mole of organic carbon is converted into C0_
(Table 9) . Organic matter decomposed by NO- is negligible compared to 0_ and
SO,. Thus these respiratory processes burn up a total of about
-12 -2 -15.9 x 10 mole cm sec of organic carbon. This is equivalent to
-12 -2 -1(7.1 x 10 ) grams carbon cm sec . For the total area of Las Vegas Bay
this amounts to 20.5 g sec or 1.4 x 10 Ibs yr
These calculations must be considered as first approximations for several
reasons. Our four stations in Las Vegas Bay would not be considered a very detailed
coverage. We planned our stations to be in the deeper axial parts of the Bay where
49
Table 15 -Total flux across the sediment-water interface into (or out of) the
sediments of Las Vegas Bay. The area of sediments is assumed to be
7,150 acres. The flux in pounds is in terms of the element of
interest.
Average Flux Total Flux

















































































the sedimentation rate was expected to be the fastest. Normally higher organic
carbon contents are associated with rapid sedimentation rates. Thus our results
are biased toward the more reactive parts of the Bay. In addition, the seasonal
variation in the distribution of the Las Vegas Wash plume and the resulting effect
on the bottom water concentrations will have an important effect on the flux
calculations. Nevertheless, our flux calculations appear reasonable. For example,
-2 -1
our calculated PO, diffusive release rate of 1.3 mg P m d is comparable with
-2 -1literature values of 1.2 to 9.6 mg P m d for aerobic water column conditions
in rivers and lakes. Literature values for anaerobic release are somewhat greater
-2 -1
and range from 1.6 to 38 mg P m d . As the water column was aerobic (Figure 14)
during our sampling our value should be compared with the lower range of values.
Within Las Vegas Bay there is a small range with the release rates being about 10%
higher than the mean at Station 2 and 10% lower than the mean at Stations 3 and 4.
It is significant to note that the release rates are a factor of 20 lower in
Bonelli Bay.
C, Burial Rates
The rate of burial or removal of solid organic C, N, and P can be calculated
from the sediment compositions given in Tables 6 and 7 and the sedimentation rate.
137The Cs dates obtained by Dr. Paulson and Dr. Prendki at UNLV suggest a
-2 -1 -2 -1
recent accumulation rate of 6.2 kg m yr at about Station 3 and 4.4 kg m yr
at a station in 100 m of water in out Las Vegas Bay. The recent accumulation rate
—2 —1in Bonelli Bay is about 1.4 kg m yr . These rates correspond to about
1.5 cm yr ,0.87 cm yr and 0.28 cm yr , respectively (Prendki, personal
communication). Our sediment accumulation rates for Bonelli Bay calculated from
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*J
'Pb (0.17 cm yr"^ ) agree well with the UNLV rate determined from iJ/Cs
(0.28 cm yr"1).
The average organic carbon and nitrogen content of the surface layers of
Las Vegas Bay sediments are about 1.21% and 0.146% respectively. Assuming sediment
-2 -1
accumulation rate of 6.2 kg m yr , we calculate C and N removal rates of
-2 -1 -2 -175 g m yr and 9 g m yr respectively. For the total area of Las Vegas
Bay the total rate of burial is 4.8 x 10 Ib C yr"1 and 0.48 x 10 Ib N yr" .
The average organic phosphorus content of Las Vegas Bay is about 0,010%, thus
-2 -1 6 -1the organic P removal rate is 0.62 g m yr or 0.039 x 10 Ib P yr . These
burial rates for C, N, and P should be considered as initial rates of burial.
During diagenesis some of these elements are lost by diffusion. If about
1.4 x 10 Ibs yr of organic C are decomposed during 02 and SO, reduction then
it appears that the loss due to respiration is about 25% of the loss due to burial
by sedimentation. These appear to be reasonable proportions. If organic matter
deposition and reaction were at steady state we would expect to see about a 25%
decrease in organic carbon with depth in the sediments. The decrease in organic
carbon at Station 4 is much greater than this but this should be no surprise
because it is unlikely that the sedimentary diagenesis is at steady state.
There appears to be some inconsistency in the phosphorus rates. The initial
4 -1burial rate of organic P is 3.9 x 10 Ib P yr while the average diffusive
5 -1
release rate was calculated to be 8.6 x 10 Ib P yr (Table 15). We have no
simple explanation for this discrepancy at present. Inorganic P is about ten
times the organic P (Table 7) so maybe some of the P lost by diffusion comes from
inorganic P. The largest source of uncertainty in the calculations is with the
sedimentation rate so perhaps this is the answer.
52
D. Regional Variations
The sediments in Bonelli Bay were chosen for study in order to compare Las
Vegas Bay with another part of Lake Mead unaffected by the input from Las Vegas Wash,
We found little difference in terms of bulk sediment properties such as porosity,
size distribution, and mineralogy.
There were large differences in the extent of organic matter diagenesis in
the bediments. SO, reduction is well advanced in the sediments of Las Vegas Bay.
In fact, a source of excess SO, must exist because the alkalinity values there
are all greater than 10 meq kg . In Bonelli Bay, SO, reduction also is important,
however, the alkalinity values suggest that diffusion of SO, from the overlying
lake water is sufficient to explain the results. As a result of the greater SO,
reduction in Las Vegas Bay, the fluxes of nutrients out of the sediments are much
greater than in Bonelli Bay. The PO, flux is 20 fold greater than in Bonelli Bay.
^he Si flux is twice as large. The 0« and NO- fluxes into the sediments appear to
be about the same magnitude which would be expected because they were calculated
in the same manner for both locations. The correct values for the NH, flux are
unclear. The pore water profiles suggest that the flux out of Las Vegas Bay
should be much larger than Bonelli Bay, Due to the high bottom water values in
Las Vegas Bay the calculated fluxes appear to be into the sediments. This is an
artifact, we feel, and needs further analysis.




The pore water composition and organic matter diagenesis in the sediments of
Vegas Bay and Bonelli Bay are dominated by sulfate reduction. Dissolved 02
and N0« appear to have been consumed very rapidly near the sediment-water interface,
Mn02 and FeOOH both appear to have been reduced in the pore water. The SO,
reduction appears to be especially extensive in the sediments of Las Vegas Bay.
Alkalinity values greater than 20 meq kg were measured at some stations implying
that around 10 mmole kg of SO. had been reduced. At these same stations, SO,
was found to be still present in high concentrations. The most consistent
explanation is that the excess SO, is supplied by the dissolution of gypsum.
Unfortunately, gypsum could not be unequivocally identified in the sediments.
As a result of the sulfate reduction NH,, PO,, Si, Fe, and Mn are diffusing into
the overlying lake water in large amounts.
Comparison of the flux calculations indicates that of the organic carbon
reaching the sediments the amount being decomposed during diagenesis is about
25% of the amount buried by initial sedimentation.
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